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ABSTRACT 
 
 
Increasing demand for energy requirement has attracted considerable attention among 
researchers to develop efficient energy storage device. Among energy storage devices, 
electrochemical capacitor (EC) has great potential for its capability to deliver more power 
than batteries and store more energy than conventional capacitors. The electrode 
preparation technique is the most crucial factor to be considered towards development high 
performance ECs. In this research, vertically aligned carbon nanotubes (VACNTs) were 
directly grown on conducting foil using alcohol catalytic chemical vapour deposition 
(ACCVD) technique and act as electrode for ECs. This technique would be enhanced the 
capacitance performance due to direct electrical contact between VACNTs and conducting 
foils. Also, this one simple technique can reduce the fabrication complexity and number of 
processes. Binder material which normally insulating is not incorporated in the device 
structure, thus could decrease internal resistance and give good effect on capacitance 
performance. The VACNT electrode was characterized using Raman spectroscopy and 
electron microscopies for growth confirmation and for quality level investigation.  
Electrochemical analysis was performed by using cyclic voltammetry, galvanostatic 
charge-discharge, and electrochemical impedance spectroscopy. A maximum of 206 F g-1 
specific gravimetric capacitance (Csp) was obtained from the heat treated VACNTs 
electrode in 1M LiPF6 electrolyte, which suggests that the VACNTs could be an excellent 
candidate as the electrode in ECs. This EC also have good rate capability for industrial 
usage, and good response performance with low resistance value from the impedance 
analysis. Small IR drop results from galvanostatic charge discharge analysis indicates low 
resistance and high power characteristic  
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ABSTRAK 
 
 
Peningkatan dalam keperluan tenaga telah menarik perhatian ramai penyelidik untuk 
memajukan penggunaan alat penyimpan tenaga secara efektif. Dikalangan semua jenis 
alat penyimpan tenaga, kapasitor elekrokimia mempunyai potensi untuk memberikan lebih 
kuasa berbanding bateri dan menyimpan lebih tenaga daripada kapasitor biasa. Kaedah 
penyediaan electrod merupakan faktor penting dalam memajukan prestasi kapasitor 
elektrokimia. Dalam penyelidikan ini, nano tiub karbon tegak sejajar telah ditumbuhkan 
terus di atas konduktif substrat melalui teknik alkohol pemangkin pemendapan wap kimia 
dan digunakan sebagai elektrod dalam kapasitor elekrokimia. Kaedah ini dapat 
meningkatkan prestasi kapasitans kerana pegaliran terus elektrik diantara nano tiub 
karbon tegak sejajar dan substrat konduktif. Kaedah ini juga mudah dan boleh 
mengurangkan kesusahan dan langkah-langkah dalam penyediaan elektrod. Bahan 
pengikat yang mempunyai sifat penebat tidak digunakan dalam teknik ini kerana ia akan 
menyebabkan peningkatan rintangan dalaman, Oleh itu, rintangan dalaman dapat 
dikurangkan tanpa penggunaan bahan pengikat dan memberi kesan baik kepada prestasi 
kapasitans. Pengesahan rupa pertumbuhan dan kualiti nano tiub karbon tegak sejajar 
elektrod dilihat dan dianalisa menggunakan spectroskopi Raman dan mikroskopi elektron. 
Elekrokimia analisis telah dijalankan dengan menggunakan voltammetri kitaran, 
galvanostatik cas dan nyahcas, dan spektroskopi impedans elecktrokimia. Nilai maksima 
spesifik gravimetrik kapasitans yang didapati adalah 206 F g-1 daripada haba terawat 
nano tiub karbon tegak sejajar dalam 1M LiPF6 elektrolit dimana ini menunjukkan nano 
tiub karbon tegak sejajar calon yang terbaik untuk digunakan sebagai elektrod pada 
kapasitor elekrokimia. Kapasitor elekrokimia ini juga menunjukkan kadar kemampuan 
yang baik untuk penggunaan di industri dan juga memberi prestasi respon yang terbaik 
dengan pengurangan nilai rintangan dalaman daripada analisis impedans. Kejatuhan 
voltan yang kecil daripada analisis cas dan nyahcas  juga membuktikan rintangan 
dalaman yang kecil dan kapasitor elektrokimia ini mempunyai sifat kuasa yang tinggi. 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Background 
In today‟s world, global warming problem and limited availability of non-
renewable resources from fossil fuels such as coal, crude oil, and natural gas have urged 
the world to move towards development of more sustainable energy sources. Renewable 
resources such as solar and wind power become alternative source that have their ability 
to generate electricity (Li and Wei, 2013). However, these kinds of sources face a 
number of additional challenges and restrictions for energy consumption due to solar 
and wind power only generate electricity when the sun is shining or the wind is blowing, 
whereas continuous utilization of energy must be up to 24 h a day (Abruña et al., 2008). 
As global energy consumption rise dramatically due to the increase in population and 
higher living standards, development of improved methods is necessary for storing 
electricity when it is available and retrieving when it is needed (Shukla et al., 2000). 
Energy storage devices are introduced to overcome the limitation of using 
renewable source. There are a lot of researchers try to develop more efficient energy 
storage system that is low-cost, environmentally friendly with better performance to 
meet the market requirement (Huang et al., 2012). There are several types of devices for 
newly electrochemical energy storage and conversion such as batteries, fuel cells, 
conventional capacitors, and electrochemical capacitors (ECs). They can store energy in 
various forms such as electrochemical, kinetic, pressure, potential, electromagnetic, 
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chemical, and thermal. The energy storage devices can be used in various fields such as 
transportation and consumer electronics. (Pollet et al., 2012; Winter et al., 2004). 
Among those devices, ECs have attracted a great worldwide research attention because 
of their potential applications. It exhibits great properties as energy storage devices 
(Zhang et al., 2009). At present, the markets of ECs have been developed very 
drastically because the increasing demand from customers  for various applications 
including electric vehicle, mobile phone and a lap top computer, and so on. In addition, 
the consideration on environmental pollution is important factor in technology‟s 
development and here ECs have been interested as a clean energy technology (Endo et 
al., 2001). 
ECs also known as electrochemical double layer capacitors (EDLC), 
supercapacitors, ultracapacitors, pseudocapacitors, power capacitors, gold capacitors or 
power cache (Zhang et al., 2009). They have capability to store electrical charge in 
various applications such as transportations (e.g., hybrid electric vehicles, metro trains 
and tramways), automotives (e.g., electrical power steering), and consumer electronics 
(e.g., laptops, cell phones, and video cameras) (Simon and Gogotsi, 2010). Today 
several companies such as Maxwell, Panasonic, Cooper, AVX, Cap XX, ELNA, ESMA, 
and several others have involved in the development of ECs (Li et al., 2012). Currently, 
ECs fill in the gap between batteries and conventional capacitors in term of energy 
density and power density, respectively. As compared with among energy storage 
devices, there are many advantages of ECs including high power density, long life cycle, 
fast charge-discharge rate, large thermal operating range, light, flexible packaging, and 
low maintenance (Hsieh et al., 2012; Obreja, 2008). 
ECs consist of two electrodes immersed in an electrolyte with a dielectric 
separator between the electrodes (Pan et al., 2010). The electrodes or active materials 
